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Abstract
A systematic set of annealings on arc-melted synthesized Gd5Si2Ge2 sample was performed.
Through powder x-ray diraction (XRD) and magnetometry measurements we monitored the ef-
fect of varying the annealing time with constant temperature (T = 1473K) on the formation of
the Monoclinic (M ) crystallographic phase fraction, which is the one responsible for the Giant
Magnetocaloric Eect (GMCE) in this compound. The conversion of the Orthorhombic O(I) crys-
tallographic phase into M was achieved, resulting in a signicant increase of the M mass fraction.
Such conversion led to a change in the magnetic transition nature, evolving from a second to a rst
order transition for the as-cast and annealed samples, respectively. An optimal annealing time range
for the M phase conversion was identied to be within 80 - 120 minutes at T = 1473 K followed by
a rapid quenching to liquid N2. Furthermore, an increase up to  50% of the magnetocaloric eect
was obtained for the sample annealed during 120 minutes.
PACS numbers: 75.30.Sg, 61.72.Cc, 61.50.Ks, 75.30.Kz
Keywords: Magnetocaloric compounds, formation and annealing, crystallographic aspects of Phase transi-
tions, Magnetic phase transitions
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I. INTRODUCTION
Room temperature magnetic refrigeration has been a challenge for the material scientists
community for several years. Recently, a major step was achieved with the discovery of
the Giant Magnetocaloric Eect (GMCE) near room temperature (RT) on the Gd5Si2Ge2
compound [1]. Furthermore, in the last decade an intense eort has been developed into
the fabrication of prototypes and the understanding of the physical mechanism behind this
magnetic property in a wide set of dierent materials [27]. Thus, many R5(SixGe1 x)4
compounds (where R stands for a Rare earth element) have been synthesized and studied
[3, 4, 8, 9], leading to the conclusion that the GMCE is a consequence of a strong coupling
between spin and lattice degrees of freedom [1012]. In fact, at RT, an optimal Gd5Si2Ge2
sample should crystallize in the Monoclinic structure (M ) (P1121/a space group), being
in the paramagnetic state (PM) [11]. On cooling (or by applying a strong magnetic eld
or high pressure), this compound should undergo a simultaneous structural and magnetic
(magnetostructural) phase transition to an Orthorhombic structure [O(I)] (Pnma space
group) and ferromagnetic (FM) state, [M,PM]![O(I),FM], at TMMS  275 K [10, 11, 13]. This
magnetostructural phase transition is the physical mechanism responsible for the observed
temperature variation of 4Tad  15 K when a magnetic eld of 5 T is applied and in
adiabatic conditions: the so-called giant magnetocaloric eect [1, 10].
Nevertheless, several diculties have been found on the synthesis and phase control of both
single crystals and polycrystalline Gd5Si2Ge2 samples. Such problems were detected in
the 1960s when the R5(SixGe1 x)4 were rst discovered [14]. Moreover, since 1997, when
Pecharsky and Gschneidner discovered the GMCE [1], the understanding of the Gd5Si2Ge2
crystallographic phase relations and the optimization of its M structural phase have become
aims of the community [1518]. The undesired phases which tend to appear in this com-
pound can be classied in two types: spurious [which have the atomic ratio Gd : (Si;Ge) 6=
5:4] [19, 20] and secondary [which have the intended Gd : (Si;Ge) = 5:4 ratio but the Si : Ge
ratio is dierent from 1:1] [16]. The former phases are the closest neighbors of the wanted
Gd : (Si;Ge) = 5 : 4 on the Gd-Si-Ge phase diagrams [particularly the Gd:(Si,Ge)= 5:3 and
1:1 phase] [21, 22]. Their presence is due to a partial eutectic-like decomposition that occurs
during the cooling to RT, after the high-temperature synthesis process [17, 20]. In the other
hand the secondary phases occur because the x  0:5 composition is just at the border
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between the M and M+O(I) (phase mixture) regions according to the x-T phase diagram
of Gd5(SixGe1 x)4 [23]. Thus, the naturally occurring inhomogeneities on the Si and Ge
distribution in the total sample volume, result in dierent Si : Ge ratios along the sample
and the formation of phases with dierent atomic and magnetic structures. Additionally,
the microstrain arising from the thin plates of the spurious phases (5 : 3 and 1 : 1) induces
the formation of secondary phases with Si : Ge 6= 1 [24, 25]. A very common phenomenon is
the formation of phases with Si excess (x  0.55) which stabilize in the O(I) structure and
have Curie temperature (TC) ranging from 300 (for x = 0.55) to 340 K (for x = 1) [11, 23].
The segregation of such undesired phases on these compounds both attenuates signicantly
the GMCE [11, 26, 27], which is critical for technological applications, and undermines the
full comprehension of their rich magnetic properties. Therefore it is of extreme importance
to optimize sample production and thermal treatments in order to minimize the content
of undesired phases, thus enhancing the amount of M structural phase. In the past few
years, several works dealing with the annealing of these compounds have been presented
[17, 23, 26, 2830]. It was found that low temperature (< 700 K) annealings do not pro-
mote the M phase conversion [26, 27, 30], but instead enhance the O(I) fraction, due to
a not completely understood M ! O(I) phase transformation occurring in this tempera-
ture range [31]. On the other hand, higher temperature annealings (> 1000 K) have shown
interesting results, leading to the M phase conversion, particularly for annealings at T =
1570 K [26, 27]. Nevertheless, concerning technological applications, the whole annealing
process should be optimized and thus the lack of annealing time dependent studies should
be suppressed. Another key point in this optimization process is the ability to quantify the
dierent phase fractions with an easy method. Traditionally the phase fraction estimation
on these compounds has been performed exclusively through the XRD renement technique.
Although, due to the similar set of reection peaks between the two 5:4 phases, the quanti-
cation is a rather dicult and time consuming task. Herein we study the eects of varying
the annealing time maintaining the same annealing temperature (T = 1473 K) on the M
phase conversion. Furthermore an alternative and simple method to estimate the dierent
crystallographic phase fractions through magnetic measurements is here introduced, comple-
menting the standard Rietveld renement of XRD. Additionally, an integrated investigation
on the magnetic properties of these samples allowed to better understand the measured 50%
increase of the magnetocaloric eect on a representative annealed sample. Based on these
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analysis, an optimal annealing time range is proposed.
II. EXPERIMENTAL DETAILS
A Gd5Si2Ge2 polycrystalline sample ( 4 g) was prepared from 99.9 wt% pure Gd and
99.9999 wt% pure Si and Ge commercial elements purchased from Alfa Aesar. The sample
was synthesized using the arc-melting technique and, after the initial melting, three remelt-
ings were performed to improve homogenization. Furthermore, this sample was cut into
several smaller fragments. Each of these smaller samples was placed in a vacuum pumped
quartz tube ( 3  10 5 mbar) and heated at T  1473 K, for dierent annealing times.
The quenching was done by diving the quartz tube directly into a liquid nitrogen container.
The heat treated samples are here identied by the duration of the annealing they were
subjected to: A; - 0 min (as-cast); A1 - 60 min; A2 - 80 min; A3 - 100 min; A4 - 120
min; A5 - 140 min; A6 - 160 min and A7 - 180 min. The microstructure and chemical
composition of all samples was investigated by Scanning Electron Microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS). The room temperature (RT) crystallographic struc-
tures were determined by Rietveld renements of the X-Ray powder Diraction (XRD)
spectrum [with incident beam of 1 = 1.540598 Å], using the FULLPROF software package
[32]. Such renements were done in a systematic way by considering the presence of four dif-
ferent crystallographic phases, which were added into the renement one at a time in order
to minimize wrong peaks association. Magnetic characterizations of powder samples were
performed in a commercial (MPMS Quantum Design) Superconducting Quantum Interfer-
ence Device (SQUID) magnetometer by measuring the magnetization thermal dependence
of powder samples from 5 to 370 K (on heating) after eld cooling with H = 50 Oe. The
nature of the magnetic transitions was investigated using Arrott plot representations of the
isothermal M(H) curves up to 5 T. The estimated error of these measurements is within the
SQUID resolution limit ( 10 7 emu, when using the reciprocating sample option). Finally,
the MCE was quantied following the method described by Caron and co-workers in Ref.
[33].
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III. EXPERIMENTAL RESULTS
A. Structural Characterization
Figure 1 shows the XRD patterns of samples A; (as-cast) [down] and A2 (80 min) [up] in
the 2: 25:5-39:5 range. One immediately observes that this heat treatment signicantly
changes the sample crystallography. The specic peaks associated with each phase are
identied in Fig. 1 with dierent symbols. The vanishing of the peak intensities at 2 
30:0 [(1 1 1); star symbol] and  35:7 [(1 1 2); triangle] is associated with the decrease of
the spurious 1:1 and 5:3 phases concentration, respectively. Concerning the 5:4 phases, the
decrease of the peaks intensities at 2  31:5 [(1 3 2); square] and  34:5 [(1 5 1); square]
and the increase of the peaks intensities at 2  28:40 [(-1 4 1); arrow] and  33:10 [(-2 1 2);
arrow] is associated with the decrease of the O(I) and increase of theM phase concentrations,
respectively. Such evidences are corroborated by the phases concentration estimated with
the nal Rietveld renements of XRD pattern considering theM+O(I)+5:3+1:1 phases (see
Fig. 2) which are shown in Table I. The same analysis was performed for all samples and
the results are summarized in Table I. It is important to remark that for the as-cast sample
there was no need to include the M phase in the Rietveld renement analysis.
To conrm the presence of the above mentioned spurious crystallographic phases the samples
were observed by SEM/EDS. In Fig. 3 a) and b) micrographs of samples A; and A4 are
shown. The overall detected chemical compositions were close to the expected 5:4. For A4
sample, the stoichiometry of the darker linear features was found to be 5:3 by local EDS
analysis, whereas for the A; sample no signicant contrast was observed. The lighter linear
features shown for this sample are surface scratches created during the polishing.
B. Magnetic Characterization
The temperature dependencies of the magnetic susceptibility [(T)] and its temperature
derivative [d/dT](T) for selected samples are plotted in Fig. 4 a) and b), respectively.
These data shows that above 310 K all samples (as-cast and annealed) are in the PM state.
For the as-cast sample (A;), a single and sharp peak at T  TO(I)C  300 K is noticed
on the d/dT data [see Fig. 4 b)], signaling the [FM]![PM] magnetic phase transition
(on heating). Considering the transitions temperatures that both M and O(I) structural
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FIG. 1: (Color online)  2 X-Ray Diraction spectra, in the 2: 25:5-39:5 range, for Gd5Si2Ge2
samples A; (bottom) and A2 (top). Diraction peaks associated with each crystallographic phase
present are signaled with dierent symbols.
phases undergo in this compound, respectively 275 K (magnetostructural transition) and
300 K (magnetic transition) [23], these data suggests that the as-cast sample presents a
very high amount of O(I) and a very small amount of M phase corroborating the XRD
Rietveld renement result. Regarding the annealed samples, one notes the appearance of a
second magnetic phase transition approximately at TMMS, associated with the enhancement
of the amount of M phase in these samples. This is specially remarkable for the A4 sample,
which exhibits a much higher d/dT peak at T  TMMS than at T  TO(I)C . The dierence
between the absolute values of the samples susceptibility most probably arises from the
highly preferential texture usually present in the R5(Si,Ge)4 materials.
To inspect the nature of the magnetic transitions undergone by the as-cast and A4 sample, we
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FIG. 2: (Color online)  2 Room temperature X-Ray Diraction pattern and respective Rietveld
renements for Gd5Si2Ge2 samples A; [(as-cast); a)] and A2 [t= 80min; b)] in the 2 range: 20-80.
used Arrott plot representation [H/M versus M2 curves [34]] of the magnetization isothermal
data close to their respective transition temperatures (Fig. 5). From Fig. 5 a) one can
observe that the Arrott plot of the as-cast sample displays a positive slope within the whole
M2 range and for all temperatures. Such behavior is characteristic of a second order magnetic
phase transition as the one found previously for samples with similar chemical composition
crystallized in the O(I) structure [35]. Nevertheless, a small variation of the slope is observed
for high elds, revealing the presence of a small amount of M phase, in accordance with was
observed in the respective d/dT (T), seen in Fig. 4 b). On the other hand, the annealed
sample shows a very dierent behavior with an horizontal "S" shape for T  275 K curves.
This indicates a change from a negative to a positive slope with increasing M2, similarly to
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FIG. 3: Backscattered electron SEM micrographs of samples A; [as-cast; a)] and A4 [120 min; b)].
what has been recently observed using high magnetic elds [36]. This feature is characteristic
of a rst order magnetic phase transition. The change of order character of the magnetic
transition from the as-cast to the annealed sample results directly from the higher amount
of M structural phase in the annealed sample, as it undergoes a simultaneous structural and
magnetic transition.
In order to extract a more quantitative information on the phase fractions present in these
samples, we developed a simple method based on tting the reciprocal magnetic suscepti-
bility data in the temperature range [325, 370]K (PM region for all samples). The ts were
performed in order to account with the four dierent crystallographic phases, considering
the dierent magnetic ordering temperatures and Curie constants assumed by each dierent
phase. It is known that the total magnetic moment of a sample (MT ) is simply given by the
addition of the magnetic moments of its constituent phases. Consequently the total mag-
netic susceptibility is also given by the sum of susceptibilities of each constituent phases,
which can be expressed as:
T = M + O(I) + 5:3 + 1:1 =
= 
CM
T   TMC
+ 
CO(I)
T   TO(I)C
+ 
C5:3
T   T 5:3N
+ 
C1:1
T   T 1:1N
; (1)
where , ,  and  are the fractions associated with the M, O(I), 5:3 and 1:1 crystallo-
graphic phases, respectively. So, the total reciprocal magnetic susceptibility is written as in
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FIG. 4: (Color online) Temperature dependence of [a)] the magnetic susceptibility (M/H on heating
in the 240-350 K range) and [b)] of the magnetic susceptibility temperature derivative [b)] (d/dT)
of A;(as-cast), A1 , A3 and A4 samples.
[37]. Hence, considering the Curie constant as  = 0
2
Bg
2NJ(J+1)
3kB
, it is possible to put in evi-
dence the common quantities of the Curie constant (the vacuum magnetic permeability, 0,
the Bohr magneton, B, the Landé factor, g, and the Boltzmann constant, kB) and account
for the dierent values of the phase dependent parameters (the individual spin number, J ,
and the number of magnetic atoms per unit volume, N). The J values were considered
to be equal for all phases, 7/2 (Gd intrinsic spin value), except for the O(I) phase where
it was considered to be 4.2, accounting with the 20 % increase found in Ref. [38]. The
N values were calculated assuming the unit cell volume of each phase as estimated from
the Rietveld renements here reported. Furthermore the ordering temperatures considered
were: 305K, 209K for M, O(I) (extracted from Ref. [13]) and a linear extrapolation of the
magnetic ordering temperatures from the silicides and germanides was performed for both
5:3 and 1:1 phases, giving 65K and 55K, respectively [3941]. The , ,  and  values were
constrained to be between 0 and 1 and their sum to be equal to 1. In this way, [37] allowed
to estimate the phase fractions of each crystallographic phase present in the samples. An
example is given in Fig. 6, where the ttings of the reciprocal magnetic susceptibilities in
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FIG. 5: (Color online) H/M versus M2 selected isothermal curves (Arrott plots) for applied elds
up to 50 kOe in the temperature range [a)] 282-318 K for the as-cast and [b)] 257-287 K for the
A4 samples. Shadowed regions highlight the isothermal curves close to the respective magnetic
transition temperatures.
the 325 - 370K temperature range (paramagnetic region) for samples A; and A3 are plot-
ted, presenting a fair accordance with the experimental  1T (T) data. The obtained mass
fractions estimations for all samples are reported in Table I and will be further discussed in
section D.
C. Magnetocaloric eect measurements
Considering the aim of the present work, Fig. 7 shows the temperature dependence of the
magnetic entropy change, 4Sm(T) of the as-cast and the A4 (120 min) samples at 50 kOe
applied eld change. The curve from the later sample reach its maximum at T  TMMS 
275 K, while the former at T  TO(I)C  300 K. This result is coherent with the XRD and
magnetic data since it conrms that the A4 sample clearly has a higher M phase content,
as the maximum entropy change occurs at the magnetostructural transition temperature.
Another feature favoring this reasoning is that the amplitude of the magnetic entropy change
is substantially improved (up to 50% higher than the one exhibited by the as-cast sample).
This enhancement signaled in Fig. 7 as 4SmM >O(I), is caused by the magnetostructural
phase transition that occurs in the sample with higher amount of M phase. As was re-
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FIG. 6: (Color online) Reciprocal magnetic susceptibility t (red curves) based on Eq. 1 of samples
A; and A3 (black and green circles, respectively) in their paramagnetic region, [325, 370]K. The
M, O(I), 5:3 and 1:1 phase fractions were estimated through these ts.
cently shown [36], this enhancement depends critically on the competition between the two
crystallographic structures with dierent TCs [13, 38], being maximized when TMS occurs
exactly at the lower Curie temperature. Contrarily, the as-cast sample just undergoes a sim-
ple second-order magnetic phase transition within the same O(I) crystallographic structure,
thus presenting a signicantly lower 4Sm amplitude.
D. Discussion
The comparison between the 5:4 phase fractions obtained by tting  1(T) curves and the
ones obtained by Rietveld renements of XRD spectra [" 1(T)" and "XRD" column in
Table I, respectively] is illustrated in Fig. 8 as a function of the annealing time. As can be
seen a good agreement is found for the results obtained through the two dierent methods.
A similar time dependent trend of the M phase fraction for both methods is found: rapid
increase till a saturation value ( 67% and 74%, by XRD and  1(T) methods, respectively)
is reached for annealings within the 60-120 min time interval (see shadowed regions in Fig.
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8 a) and b)). This result is in accordance with previous reports that have considered the
Tann = 1570 K for 1 hour annealing as the most ecient treatment to achieve the conversion
into the M phase [23, 26]. Although, in the aforementioned reports the time dependence
behavior is not presented.
According to our results, the M conversion can be very eciently achieved by converting
both the O(I) and 5:3 phases (which have their concentration reduced on average by  50%
and 15%, respectively according to our XRD analysis) into the M phase (whose concen-
tration maximum enhancement is close to  70%). Considering spurious phases contents,
both methods suggest that there is an increase of segregation of these phases for longer
annealings ( > 120 min). These results allow us to deduce that for an optimal Gd5Si2Ge2
sample preparation the annealing time should be smaller than 120 minutes. Although there
is not a full O(I) ! M phase concentration conversion in this study, it is important to
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remark that this process started with an as-cast sample which presented negligible M phase
concentration.
Since M and O(I) are complex and have similar crystallographic structures they present
a largely coincidental set of indexed peaks, making it dicult and less accurate to quanti-
tatively distinguish both phases through XRD analysis. Hence, the  1(T) tting method
can be used as a complementary method to corroborate the phase fractions information
extracted by XRD analysis.
IV. CONCLUSIONS
In summary, we studied the eects of dierent annealing times on the crystallographic
phase fractions of arc-melted Gd5Si2Ge2 sample through XRD Rietveld renements and
magnetization measurements. Particularly, a simple approach of tting  1(T) curves was
used to estimate the crystallographic phase fractions present, providing a complementary
tool to check samples quality. We were able to promote the conversion of the M phase
in a Gd5Si2Ge2 as-cast sample with a high O(I) character and residual M phase amount,
14
TABLE I: Structural phase amounts of Gd5Si2Ge2 as-cast and annealed samples extracted from
Rietveld renement of room temperature XRD spectra and the presented reciprocal magnetic sus-
ceptibility tting method.
Sample Gd/(Si,Ge) Space Group XRD  1(T)
(mass.%) (mass %)
A; (as-cast) 5:4 P1121/a [M ] 0 29
Rp: 8.38% Rwp: 10.7% 5:4 Pnma [O(I)] 72 71
Rexp: 6.95% Chi2: 2.39% 5:3 P63/mcm 25 0
1:1 Cmcm 3 0
A1 (60 min) 5:4 P1121/a [M ] 66 74
Rp: 6.11% Rwp: 7.94% 5:4 Pnma [O(I)] 27 7
Rexp: 7.09% Chi2: 1.25% 5:3 P63/mcm 5 10
1:1 Cmcm 2 9
A2 (80 min) 5:4 P1121/a [M ] 62
Rp: 8.14% Rwp: 10.3% 5:4 Pnma [O(I)] 30
Rexp: 8.06% Chi2: 1.62% 5:3 P63/mcm 3
1:1 Cmcm 5
A3 (100 min) 5:4 P1121/a [M ] 67 70
Rp: 9.26% Rwp: 11.7% 5:4 Pnma [O(I)] 26 6
Rexp: 7.04% Chi2: 2.78% 5:3 P63/mcm 2 7
1:1 Cmcm 5 17
A4 (120 min) 5:4 P1121/a [M ] 66 77
Rp: 7.52% Rwp: 9.93% 5:4 Pnma [O(I)] 28 5
Rexp: 6.57% Chi2: 2.29% 5:3 P63/mcm 3 18
1:1 Cmcm 3 0
A5 (140 min) 5:4 P1121/a [M ] 59 67
Rp: 7.59% Rwp: 9.65% 5:4 Pnma [O(I)] 29 3
Rexp: 4.55% Chi2: 4.5% 5:3 P63/mcm 5 16
1:1 Cmcm 7 14
A6 (160 min) 5:4 P1121/a [M ] 56 66
Rp: 5.58% Rwp: 7.17% 5:4 Pnma [O(I)] 24 4
Rexp: 7.03% Chi2: 1.04% 5:3 P63/mcm 9 22
1:1 Cmcm 9 8
A7 (180 min) 5:4 P1121/a [M ] 61 77
Rp: 8.56% Rwp: 11% 5:4 Pnma [O(I)] 26 9
Rexp: 6.98% Chi2: 2.48% 5:3 P63/mcm 11 14
1:1 Cmcm 2 0
15
through annealings at T = 1473 K during 60-120 minutes with quenching to liquid nitrogen.
A successful conversion of both spurious (5:3) and O(I) phases into M phase was obtained
through annealing process. This is particularly important considering the Gd5Si2Ge2 tech-
nological potential applications, since only samples with high contents of the M phase will
display a GMC eect, as was here shown by the  50% enhancement of the magnetic entropy
variation.
Acknowledgments
Work partially supported by the projects PTDC/CTM-NAN/115125/2009 and
FEDER/POCTI n0155/94 from Fundação para a Ciência e Tecnologia (FCT). A.M.P.
thanks FCT for Grant SFRH/BPD/63150/2009. C.M. acknowledges the support of
Fundación ARAID. The nancial support of the Spanish MEC (MAT2008-06567-C02) and
DGA (Grant no. E26) is also acknowledged.
[1] V. K. Pecharsky and K. A. Gschneidner, Phys. Rev. Lett. 78, 4494 (1997).
[2] B. F. Yu, Q. Gao, B. Zhang, X. Z. Meng, and Z. Chen, Int. J. Refrig. 26, 622 (2003).
[3] G. J. Miller, Chem. Soc. Rev. 35, 799-813 (2006).
[4] K. A. Gschneidner, Jr. and V. K. Pecharsky, Pure Appl. Chem. 79, 1383-1402 (2007).
[5] K. A. Gschneidner, V. K. Pecharsky, and A. O. Tsokol, Rept. Prog. Phys. 68, 1479 (2005).
[6] R. Szymczak, M. Czepelak, R. Kolano, A. Kolano-Burian, B. Krzymanska, and H. Szymczak,
J. Mater. Sci. 43, 1734 (2008).
[7] D. J. Silva, B. D. Bordalo, A. M. Pereira, J. Ventura, and J. P. Araujo, Appl. Energy (In
Press).
[8] C. Ritter, C. Magen, L. Morellon, P. A. Algarabel, M. R. Ibarra, A. M. Pereira, J. P. Araujo,
and J. B. Sousa, Phys. Rev. B 80, 104427 (2009).
[9] A. M. Pereira, L. Morellon, C. Magen, J. Ventura, P. A. Algarabel, M. R. Ibarra, J. B. Sousa,
and J. P. Araujo, Phys. Rev. B 82, 172406 (2010).
[10] L. Morellon, J. Blasco, P. A. Algarabel, and M. R. Ibarra, Phys. Rev. B 62, 1022-1026 (2000).
[11] V. K. Pecharsky and K. A. Gschneidner, Adv. Mater. 13, 683-686 (2001).
16
[12] R. Haug, C. Magen, L. Morellon, P. Algarabel, M. Ibarra, Z. Arnold, and C. Ritter, in Advances
in Solid State Physics (Springer Berlin / Heidelberg, 2007), vol. 46 of Advances in Solid State
Physics, pp. 241253.
[13] V. K. Pecharsky, K. A. Gschneidner, Jr., Ya. Mudryk, and D. Paudyal, J. Magn. Magn. Mater.
321, 3541-3547 (2009).
[14] F. Holtzberg, R. J. Gambino, and T. R. Mcguire, J. Phys. Chem. Solids 28, 2283-2289 (1967).
[15] A. O. Pecharsky, V. K. Pecharsky, and K. A. Gschneidner, J. Alloys Compd. 379, 127-134
(2004).
[16] A. O. Pecharsky, K. A. Gschneidner, V. K. Pecharsky, and C. E. Schindler, J. Alloys Compd.
338, 126 (2002).
[17] F. Casanova i Fernandez, PhD Thesis, Universitat de Barcelona (2003).
[18] O. Ugurlu, PhD Thesis, Iowa State University (2006).
[19] J. Szade, G. Skorek, and A. Winiarski, J. Cryst. Growth 205, 289-293 (1999).
[20] L. S. Chumbley, O. Ugurlu, R. W. McCallum, K. W. Dennis, Y. Mudryk, K. A. Gschneidner,
and V. K. Pecharsky, Acta Materialia 56, 527-536 (2008).
[21] H. Okamoto, J. Phase Equilib. Di. 30 213-214(2009).
[22] A. Gokhale and G. J. Abbaschian, Bull. Alloy Phase Diagr. 10, 147-152 (1989).
[23] V. K. Pecharsky, G. D. Samolyuk, V. P. Antropov, A. O. Pecharsky, and K. A. Gschneidner,
J. Solid State Chem. 171, 57 (2003).
[24] J. D. Moore, K. Morrison, G. K. Perkins, D. L. Schlagel, T. A. Lograsso, K. A. Gschneidner,
Jr., V. K. Pecharsky, and L. F. Cohen, Adv. Mater. 21, 3780-3783 (2009).
[25] A. M. Pereira, A. M. dos Santos, C. Magen, J. B. Sousa, P. A. Algarabel, Y. Ren, C. Ritter,
L. Morellon, M. R. Ibarra, and J. P. Araujo, Appl. Phys. Lett. 98, 122501 (2011).
[26] A. O. Pecharsky, K. A. Gschneidner, and V. K. Pecharsky, J. Appl. Phys. 93, 4722-4728 (2003).
[27] H. Zeng, J. Zhang, C. Kuang, and M. Yue, J. Supercond. Nov. Magn., 24, 14 (2011).
[28] A. M. Pereira, J. R. Peixoto, D. Leitao, C. Sousa, P. B. Tavares, N. Martins, J. B. Sousa, and
J. P. Araujo, J. Non-Cryst. Solids 354, 5292 (2008).
[29] A. Yan, A. Handstein, P. Kerschl, K. Nenkov, K. H. Muller, and O. Guteisch, J. Appl. Phys.
95, 7064 (2004).
[30] H. Fu, X. T. Zu, X. He, W. S. He, and T. D. Shen, J. Alloy. Compd. 431, 89-92 (2007).
[31] Y. Mozharivskyj, A. O. Pecharsky, V. K. Pecharsky, and G. J. Miller, J. Am. Chem. Soc. 127,
17
314-327 (2005).
[32] Juan and Rodriguez-Carvajal, Physica B: Condensed Matter 192, 55 (1993).
[33] L. Caron, Z. Q. Ou, T. T. Nguyen, D. T. Cam Thanh, O. Tegus, and E. Bruck, J. Magn.
Magn. Mater. 321, 3559 (2009).
[34] A. Arrott, Physical Review 108, 1394 (1957).
[35] R. L. Hadimani, Y. Melikhov, J. E. Snyder, and D. C. Jiles, J. Appl. Phys. 103, 033906 (2008).
[36] A. M. Pereira, E. Kampert, J. Moreira, U. Zeitler, J. H. Belo, C. Magen, P. A. Algarabel, ,
L. Morellon, M. R. Ibarra, et al., Appl. Phys. Lett. 99, 132510 (2011).
[37]  1T =
(T TMC )(T T
O(I)
C )(T T 5:3N )(T T 1:1N )
K , where K = CM [(T   T
O(I)
C )(T   T 5:3N )(T   T 1:1N )] +
CO(I)[(T   TMC )(T   T 5:3N )(T   T 1:1N )] + C5:3[(T   TMC )(T   TO(I)C )(T   T 1:1N )] + C1:1[(T  
TMC )(T   TO(I)C )(T   T 5:3N )
[38] D. Paudyal, V. K. Pecharsky, K. A. Gschneidner, and B. N. Harmon, Phys. Rev. B 73, 144406
(2006).
[39] F. Canepa, S. Ciraci, and M. Napoletano ,J. Alloy and Compd. 335, L1-L4 (2002).
[40] N. P. Gorbachuk, and A. S. Bolgar, ,Powder Metall. Met. Ceram. 40, 54-57 (2001).
[41] E. V. Ganapathy, K. Kugimiya, and H. Steinnk, ,J. Less Common. Met. 44, 245-258 (1976).
18
